Water can be a scarce resource, particularly in certain places at certain times. Understanding both water use and conservation efforts can help ensure that limited supplies can meet the demands of a growing population and economy. This paper examines water use and recirculation in the U.S. manufacturing sector, using newly recovered microdata from the (defunct) Survey of Water Use in Manufacturing, merged with establishment-level data from the Annual Survey of Manufactures and the Census of Manufactures. Results suggest that water use per unit of output is largest for larger establishments, in part because larger establishments use water for more purposes. Larger establishments are also found to recirculate water more -satisfying water use needs without necessarily increasing water intake. Various costs also appear to play a role in water recirculation. In particular, the water circulation rate is found to be higher when water is purchased from a utility. Relatively low (internal) prices for self-supplied water could suppress the incentive to invest in recirculation. Meanwhile, establishments with higher per-gallon water intake treatment costs also recirculate more, as might be expected. The cost associated with water discharge -due to regulation or otherwise -also increases circulation rates. The aridity of a locale is found to have little effect on circulation rates.
Introduction
Water can be a scarce resource, particularly in certain places at certain times. In the United States, a substantial share of the population -upwards of 66% -lives in areas vulnerable to water shortages (Padowski and Jawitz 2012) . Understanding both water use and conservation efforts can help ensure that limited supplies can meet the demands of a growing population and economy. This paper examines water use and recirculation in the U.S. manufacturing sector, using newly recovered microdata from the (defunct) Survey of Water Use in Manufacturing, merged with establishment-level data from the Annual Survey of Manufactures and the Census of Manufactures.
In the United States, the quantity of water used in manufacturing pales in comparison to the share of total water intake for thermoelectric power (49%) and for irrigation (31%), and is roughly on par with total domestic/residential water use (Kenny et al. 2009 ). But unlike some other water uses, recirculation is a distinct possibility in industrial settings, reducing the need for new water intake. Reducing industrial water intake by just 1% (through increased recirculation or otherwise) would leave untouched approximately 222 million gallons of water per day -enough water to serve 2.3 million people.
1 This amount would serve the domestic needs of the entire San Antonio or Las Vegas metropolitan areas, or over 70% of the San Diego metro area, to say nothing of alternate uses.
Despite this, industrial water use has received relatively little attention in the economics 1 According to the U.S. Geological Survey (Kenny et al. 2009 (Kenny et al. ), in 2005 , 258 million people were served publicly with 25,600 million gallons per day for "domestic use" and an additional 43 million people were self-supplied with 3,830 million gallons per day. This implies a usage of 97.8 gallons per day per person. Meanwhile, manufacturing industries self-supplied 18,200 million gallons per day in 2005. In 1995, about 82% of industrial water was selfsupplied (Solley et al. 1998) , the last year this estimate was made. Results suggest that water use per unit of output is largest for larger establishments, in part because larger establishments use water for more purposes. Larger establishments are also found to recirculate water more -satisfying water use needs without necessarily increasing water intake. Various costs also appear to play a role in water recirculation. In particular, the water circulation rate is found to be higher when water is purchased from a utility. Relatively low (internal) prices for self-supplied water could suppress the incentive to invest in recirculation. Meanwhile, establishments with higher per-gallon water intake treatment costs also recirculate more, as might be expected. The cost associated with water discharge -due to regulation or otherwise -also increases circulation rates. The aridity of a locale is found to have little effect on circulation rates.
This paper proceeds as follows. Section 2 discusses some of the previous literature in this area. Section 3 provides an overview of water use in U.S. manufacturing, while section 4 describes the SWUM and the recovered microdata. Section 5 presents results, while section 6 concludes.
Previous Literature
Industrial water use has received relatively little attention in the economics literature, relative to agricultural, residential, and recreational uses. Among the notable exceptions is a series of papers by Steven Renzetti and coauthors that use Canada's Industrial Water Use Survey (IWUS). In the first of these, Renzetti (1992) estimates (negative) own-price elasticity for water intake for several manufacturing sectors. He also finds water recirculation to be substitutes for both water intake and water discharge. Renzetti (1993) examines manufacturers' choice to use publicly-supplied water (versus self-supplied water) and finds that larger firms are more likely to self-supply water, as are those that face lower water purification costs and higher annual public utility connection fees. He also finds that, in general, publiclysupplied firms' water intake is more sensitive to external prices but less sensitive to the level of production. Dupont and Renzetti (1998) look at water use, treatment, recirculation, and discharge in Canadian food processing industries in particular. In a later paper, Dupont and Renzetti (2001) estimate translog cost functions to examine the relationship between water and non-water inputs. They find that water intake is a substitute for water recirculation, labor, energy, and capital, while water recirculation is a substitute for labor and complement to energy and capital. Bruneau, Renzetti, and Villeneuve (2010) examine the factors behind manufacturers' decision to recirculate water and how much to recirculate. Recirculation is found to be more prevalent in larger plants, when intake water must be treated prior to use, in certain heavy water-using industries, and in drier regions. Meanwhile, the quantity of water recirculated depends positively on the size of the plant, the price of intake water, and the price of water treatment prior to discharge. In more recent work, these authors explore these issues further, using longitudinal data on the decision to recirculate or not (Bruneau and Renzetti 2014) .
Together, these studies shed light on manufacturers' demand for water, self-supplied water, recirculated water, and the role water plays in manufacturing. Most of these studies use the microdata (versus the aggregate data) from the Canadian IWUS of 1986 , 1991 , and/or 1996 which share similarities to the U.S. microdata used in this paper. However, the absence of a number of key expenditure items -such as those that permit the construction of (internal) prices of various types of water -prevent similar analyses.
Overview of Water Use in U.S. Manufacturing
In 2005, the U.S. manufacturing sector self-supplied 18.2 billion gallons of water per day, accounting for about 4.4% of total water withdrawals in the United States (Kenny et al. 2009 ). Additional water is supplied to the manufacturing sector by public and private water suppliers. 2 Water is used in a number of ways in manufacturing facilities. It can be used to clean, cool, and/or convey intermediate inputs; it can be embedded in the final product itself (e.g., beverages); it can be used in generating steam for electric power generation; and it can be used for "domestic" purposes, such as drinking and sanitation. Table 1 shows the percent of water intake and the percent of gross water use, by purpose, for U. S. manufacturing in 1973 and 1978 (U.S. Census Bureau 1976 , 1981 . Water for other cooling & condensing, for process, and for steam electric power generation dominate here, in that order.
3 Table 2 shows the top ten water-using manufacturing industries (4-digit SIC) in 1978, in terms of gallons of water intake, intensity of water intake (i.e., gallons per dollar of value added, in 1978 dollars), gallons of gross water use, and intensity of gross water use, respectively. Twenty different industries appear here, dominated by those in chemicals, primary metals, paper, and petroleum refining sectors. Water use is relatively concentrated, with the top ten industries (in terms of gallons of water intake) accounting for 68% of the manufacturing sector's total water intake. We also see just how critical water is to these industries -with hundreds of gallons needed for just one dollar of output. In the most extreme cases, 1,180 gallons of water is used per $1 of value added at paper mills (SIC 2621), and 446 gallons of water is taken in per $1 of value added at building paper and board mills (SIC 2661).
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Interestingly, as seen in Figure 1 , aggregate water use by U.S. manufacturing rose from 1954 to a peak in 1978 before declining in 1983, while aggregate water intake by U.S.
manufacturing actually peaked a decade earlier, in 1968, before declining (U.S. Bureau of the Census 1986). 5 The difference between the two is water recirculated and reused. 6 As seen in Figure 2 , in 1954, each gallon taken in by the manufacturing sector was used 1.82 times. This circulation rate peaked in 1978 at 3.42, before declining slightly to 3.37 in 1983 (the last year the Census Bureau collected the SWUM). This increase in the circulation rate occurred at a time when the percent of manufacturers recirculating water was more or less declining (see 5 This publication contains the following caution regarding the 1983 water use and reuse statistics: "During the review of the 1983 data, it was apparent that respondents interpreted the instructions for reporting recirculated and reused water in a variety of ways. This was due to the general nature of the instructions coupled with differing technologies and systems for recirculating water. The result was inconsistencies in the data received. Many of the major water users were contacted and data corrections obtained. However, we were unable to contact all establishments to confirm the consistency of the data. Thus, figures on recirculated and reused water (and to a lesser extent, gross water used) are of lower reliability than the water intake and water discharged statistics presented in this report." It is not clear whether these same concerns should perhaps apply to data from other years as well. No similar concern was raised in those publications. As will be discussed in the next section, the questions on gross water used and water recirculated/reused took different forms between 1983, 1978, and 1973. 6 There is puzzling ambiguity on this point. The footnote to Table 1a in the 1981 publication suggests that "total gross water used is equal to the sum of water intake and water recirculated and reused less evaporation and consumption", which is a slightly different definition, but one that also doesn't explain the inequality. That definition is also contradicted by the definition suggested in a footnote to Table 1b in the same publication: "Suppressed values for gross water used may be estimated from data shown for water intake and recirculated water." Meanwhile, for 1973, the quantity of water recirculated is suppressed in Table 1c of U.S. Bureau of the Census (1986). A footnote explains: "For 1973, data for recirculated and reused water were not collected but were derived from gross water used and water intake. Derived recirculated and reused water data are not directly comparable to 1978 and 1983 and, therefore, are not presented." Why there would be incomparability is unclear. When the 1973 statistics were first published (in U.S. Bureau of the Census 1976), water recirculated was clearly derived by the same identity: "gross water used minus water intake." Finally, for 1954 Finally, for -1968 , in the 1986 table of historical statistics, the water recirculated and reused column contains "(NA)", or not available, without any further explanation. Again, it is not clear why the identity was not simply applied, since the definitions of gross water use, recirculation, and intake appear the same here as in later years. Here and throughout, I will assume the strict identity: gross water used is the sum of water intake plus water recirculated/reused.
also Figure 2 ). This suggests a sharp increase in the intensity of recirculation among those that did recirculate. This paper will seek to understand the determinants of water use and water recirculation of U.S. manufacturers during this very interesting period of 1973 and 1978 -the period when gross water use was increasing, but water intake was actually falling, and water recirculation increased dramatically. 
The Survey of Water Use in Manufacturing
Since the Survey of Water Use in Manufacturing (SWUM) is now relatively unknown, a fairly detailed description seems warranted. The SWUM was conducted on seven occasions from 1954 to 1983, when it was discontinued for budgetary reasons. 8 During this time, establishments were asked to report very basic information about their water use in the 7 This paper will not separately consider water consumed in process -either embedded in the final product or through evaporation. This can be derived by subtracting water discharged from water intake. According to U.S. Census Bureau (1986) , between 6 to 11 percent of the water intake [2.0% and 3.7% of gross water used] by the manufacturing sector was consumed, depending on the year. That 90% or more of water intake is eventually discharged by manufacturers (usually into rivers, streams, and other surface waters, less typically into public utility sewers or to the ground) may suggest that consumption is of more relevance than water intake or gross water use, especially if water availability is of particular concern. However, water quality is also important, in which case the quantity of water intake, its function within the manufacturing plant, and its treatment before discharge are all important too. Unfortunately, the SWUM does not have ideal measures of the quality of discharged water. We do know that untreated water accounted for 87%, 77%, 71%, 70%, 56%, 60%, and 55% of discharged water in 1954, 1959, 1964, 1968, 1973, 1978, and 1983 , respectively (U.S. Bureau of the Census 1986). However, "untreated" does not necessarily imply degradation in quality. Likewise, "treated" does not imply the opposite. In any event, reductions in water intake seem unambiguously good by leaving more water untouched. And one would expect reductions in water intake to come mostly from greater recirculation than from reductions in consumption. The study of residential water use also tends to focus on intake and use rather than consumption. Here, too, most water is discharged. Respondents to the SWUM were asked to report their water intake (in millions of gallons) from five sources (public water system, whether municipally or privately owned; owncompany surface water system, such as streams or lakes; own-company ground water system, such as wells or deep springs; own-company tide water system from estuaries, bays, or oceans; other sources) by three types (fresh; brackish; salt). Here, brackish water is water with 1,000 to 10,000 parts per million of dissolved solids, while salt water is water with more than 10,000 parts per million of dissolved solids. In 1973, respondents were asked about the treatment of intake water, by nine different methods of treatment (physical treatment: settling, screening, equalization; coagulation; softening; ion exchange; neutralization (pH control); aeration; filtration; chlorination; other). Questions about the treatment of intake water prior to use did not appear in the 1978 survey.
Respondents were also asked to report their water intake for seven purposes (process; steam electric power generation; air conditioning; other cooling & condensing; sanitary services; boiler feed; other uses) and again by three types (fresh; brackish; salt). Here, "process water is all water that comes directly in contact with products and/or materials, including water which is consumed in the manufacturing of products." Meanwhile, water for "other cooling and condensing" is used "in conjunction with the operation of process equipment, but which does not come in direct contact with products or materials." Sanitary service includes water used for drinking, cafeterias, and domestic sewage.
In addition to water intake, respondents were also asked to report the gallons of gross water used by the seven purposes (listed above). Gross water used is the water intake for a particular purpose plus the water recirculated for that purpose. To clarify, these instructions were provided to respondents: "[Gross water used is] the estimated quantity of water that would have been required if no water had been recirculated or reused. For example: If total water intake (Item 1) was 400 million gallons and of this 400 million gallons, 100 million gallons were used twice for cooling purposes and once for washing products or materials, the total water required would be 300 million gallons (less consumption and evaporation loss), plus the 300 million gallons not recirculated, for a total of 600 million gallons." On the 1978 form, respondents were explicitly asked for all three measures -water intake, water recirculated/reused, and gross water used -while on the 1973 form, water recirculated/reused is implicit. ground (wells, spray, seepage, etc.); transferred to other users) and by whether the water was treated or not. Respondents were also asked to report their water discharge by the water's final purpose (i.e., the seven purposes listed above) and by whether the water was treated or not. Respondents were further asked to report their water discharge by eleven types of treatment (untreated; surface skimming (e.g., oil separation); neutralization (pH control); coagulation; flotation; primary settling; biological oxidation (tricking filters, activated sludge, digestion basins, ponds, and lagoons); secondary settling; filtration; chlorination; other). In 1978, respondents were to provide detail by treatment type and final purpose.
The 1973 and 1978 surveys also collected information on water-related expendituresthe only two years of the survey to do so. The questions, however, took very different forms in these two years. On the 1973 survey, respondents were asked to report both their "total expenditures in 1973 for new water treatment plant and equipment that were capitalized in fixed asset accounts" and "total annual costs [material, parts, fuel, power, labor, depreciation, leasing, contracted services] incurred in 1973 to operate and maintain your existing water treatment plant and equipment." These respondents were further asked to estimate the percentages of these two amounts that were attributable to the "treatment of intake water prior to use." Respondents in 1973 were also asked to report the share of operating costs attributable to depreciation and to equipment leasing.
On the 1978 survey, respondents were asked to report both their "capital expenditures for abatement of water pollutants" and "annual operating costs for abatement of water pollutants." 12 Though the questions are worded somewhat differently, the 1978 and 1973 expenditures data are compared to each other in tables, suggesting that they were meant to be measure the same concepts across these years. Unlike the 1973 survey, respondents to the 1978 survey were not asked about the share of these expenditures specifically attributable to the treatment of intake water prior to use. Similar to 1973, however, respondents were asked to report the share of operating costs attributable to depreciation and to equipment leasing, but also labor, private contractor services, and materials and supplies (including fuel and power).
The 1978 survey asked respondents for some additional expenditure items that the 1973 survey did not. One item was estimated gross value of assets (original cost) of in-place plant and equipment for abatement of water pollutants. Other items relate to the use of land in the abatement of water pollutants (for settling points, drying beds, equalization basins, sludge lagoons, etc.). These items included an estimate of the number of acres of land used in the abatement of water pollutants, the share of such land that is rented and/or leased, and an estimate of the rental cost of such land.
In addition to the differences already mentioned, the 1973 also collected data on six water quality measures (biochemical oxygen demand, oil and grease, suspended solids, total metals, nutrients, and average temperature) at three stages: intake (before treatment), discharge (before treatment), and discharge (after treatment). Tabulations of these data were not published, perhaps because of data quality concerns. 
The Recovery and Development of SWUM Microdata
The 1973 and 1978 SWUM microdata were among the many historic files recovered from tape by the Census Bureau's Center for Economic Studies in 2009-2010 using an old, faltering Unisys Clearpath IX 4400 mainframe -the last of its kind and a descendant of the earliest mainframes ever in existence. 14 There were numerous and unique challenges in creating research-ready datasets from data written to computer tape decades ago. First, the data were stored in an arcane, proprietary file format (CENIO). Files could not simply be copied to another computer system. Further, the data within a file were completely unstructured, requiring a paper record layout to make sense of each bit of data. In the case of the 1973 SWUM data, half the record layout is missing from the paper file associated with that particular 13 It may be worth noting that a draft of the survey form that was circulated for comment (viewable at the National Archives) contained a different set of water quality measures: biochemical oxygen demand, chemical oxygen demand, suspended solids, and dissolved solids. 14 See Becker and Grim (2011) for additional discussion.
data storage action request. However, the position of items on the survey form, summary statistics (e.g., means, ranges, distributions), and the published aggregate statistics allow one to deduce individual variables by comparing test tabulations to published values. For 1978, the main challenge on this front was that the file contained data that followed one of two distinct record layouts -one for establishment-wide data and one for item-specific data.
The other main challenge, affecting both years, was that the data employed nowesoteric, non-ASCII character sets. In the case of 1973, both FIELDATA and Binary Integer were used within a record, according to the available record layout. In the case of 1978, Excess-3 (XS3) and Binary Integer were both used within a record. For technical reasons, and to speed the recovery of the maximum amount of data, all data were read, converted to an ASCII equivalent, and written to a text file on the Unisys Clearpath using two different assumptions:
(i) the original data was all FIELDATA, and (ii) the original data was all XS3. However, both years also contained data fields stored as Binary Integer. The outcome for these fields were 6-character strings containing a combination of the 26 capital letters, 10 numeric characters, and 28 symbols and special characters. This 6-character string is a base-64 numeric value that can be converted into the proper ASCII numeric value using a known mapping scheme (such that the string @@^R;8 is equal to 1,146,616). In the end, the microdata from the 1973 and 1978
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There are nearly 10,700 available observations in 1973 and about 9,600 in 1978. derived from the sum of intake and recirculation was instead employed, if it resulted in use greater than intake, otherwise it was assumed the establishment misreported that it recirculated.
sample observations reported in the published tables (9,605), and I can exactly replicate establishment counts and water intake in all but a few 4-digit SIC industries. In 1978, replication requires restricting the sample to those with water intake greater than or equal to 20 million gallons, eliminating almost 3,000 cases. (Presumably these cases were mailed a SWUM based on their response on the CM but then proved to be out of scope.) A similar restriction is not necessary with the 1973 sample; out-of-scope cases may have already been eliminated from the file. Note that, as discussed in the previous section, in contrast to all other CMs, the primary question in 1972 was on water use (not intake). This difference appears to apply to the 1973 SWUM as well, since there are nearly 300 establishments in the tabulated sample with water intake of less than 20 million gallons, but gross water used of more than 20 million gallons. For the sake of consistency, I will drop these cases from my research sample. By definition, they will all be establishments that recirculated water.
Because of the significant differences in the ways otherwise identical data items were collected, treated, and stored at the time of these surveys, I have decided to analyze the two years separately in what follows, rather than pool observations together.
Results
I begin by examining the relationship between water use and establishment characteristics, and plant size in particular. A simple regression of log gross water use intensity (i.e., gross water use divided by value added) on 4-digit SIC industry dummies and a series of establishment size indicators suggests that water use per unit of output is largest for larger establishments. 17, 18 At least two phenomena underlie this result.
First, as seen in the first column of Table 3a ( 1973) and 3b (1978) , larger establishments use water for increasingly more purposes. In particular, controlling for industry, the very largest establishments (with 2500 or more employees) use water for 1.92 and 1.98 more purposes than the smallest establishments (with 1-100 employees), out of the six possible water use purposes collected on the survey. The remaining columns of Tables 3a and 3b show the coefficients from probit regressions on the probability that an establishment reported using water for a particular purpose. In all six cases, the probability that water is used for a particular purpose increases monotonically with establishment size. Naturally, the share of water used 17 I do not present the results of this regression here. The coefficients from this regression are biased since the sample only contains establishments that have at least 20 million gallons of water intake. With the left part of the water use distribution missing, water use intensity will be overstated -particularly for the smallest establishments and, no doubt, attenuating as establishment size increases. Nevertheless, in spite of the bias, water use intensity is found to increase over the last three establishment size categories and the highest water use intensity is unambiguously (at least in 1973) among the very largest establishments (with 2500 or more employees). 18 In the 1973 sample, the percent in each establishment size category is 19% (1-99 employees), 26% (100-249 employees), 21% (250-499 employees), 18% (500-999 employees), 11% (1000-2499 employees), and 5% (2500+ employees). In the 1978 sample, the percentages are 15%, 27%, 24%, 18%, 11%, and 5%, respectively.
for a particular purpose may not be constant across establishment size, and indeed, in regressions not reported here, the share of total water use devoted to process, sanitation, and boiler feed each decreases as establishment size increases, while the shares increase for steam electric power generation, air conditioning, and other cooling and condensing. The other establishment characteristic included in these regressions in Tables 3a and 3b is an indicator that the establishment belongs to a multi-unit firm. Such establishments are found to engage in 0.21 and 0.33 more water uses, all else being equal, and they are mainly found to have a higher probability of using water for each of the purposes, with steam electric power generation and air conditioning being exceptions.
That larger establishments expand the scope of their water use would certainly explain why water use per unit of output is highest among the largest establishments. That turns out to be only part of the story. Larger establishments are also found to recirculate water more, implying greater use without necessarily greater intake. A probit regression (not reported here)
indeed shows that the probability of recirculating water at all increases monotonically with establishment size. Meanwhile, Table 4a ( 1973) and 4b (1978) presents results of regressions explaining the natural log of the water circulation rate, which I define here as gross water use divided by water intake -or in other words, the number of times each gallon taken in is used.
We saw this measure earlier in Figure 2 . Results in column (1) of Table 4a The remaining columns of Table 4a and 4b add additional explanatory variables to the specification. First, the SWUM collects gallons of water taken in by source, which I use to construct indicators of the establishment's primary source. These indicator variables are added to the specification in column (2), with a public water system being the omitted category.
Results here suggest that when self-supplied water is the primary source -whether surface water, groundwater, or tidewater -the water circulation rate is lower than when water is from public systems. Recirculation is particularly low among establishments in which tidewater and surface water are the primary sources -groundwater less so. These are very interesting results that seems to suggest that, for some manufacturing plants, the cost of pumping (and treating) their own water is so low that (i) they choose to self-supply water in the first place, and (ii) there is less incentive to invest in recirculation. Column (3) more explicitly looks at cost -not of self-supplying per se, but for the treatment of water taken in. This variable is only available in 1973 (Table 4a) . Results show that establishments with nonzero water intake treatment costs used each gallon of water 14% more than those with no such costs -an effect that increased as the per unit cost of treatment increased. Basically, the costlier the water, the more plants recirculate. Meanwhile, the addition of these variables has little qualitative impact on the results of the previously discussed variables.
Having uncovered some basic relationships between water use and recirculation, establishment characteristics, and water choices, I now explore the role certain external factors may play. One obvious possible influence is environmental regulation. That is, the more heavily regulated a facility's water pollution discharges are, the more it may recirculate water (as a substitute for discharge). Here, I construct a facility-specific measure to proxy for such regulation: the percent of an establishment's water discharge that was treated. For about 50%
[45%] of establishments in the 1973 [1978] sample, no discharged water was treated, while all discharged water was treated in about 14% [15%] of cases. 20 The impact of this variable's inclusion is shown in column (4) of Table 4a and 4b. This variable is indeed found to have a statistically significant positive effect on the water circulation rate, as might be expected.
Next, I add geographic variables to the specification, which will absorb additional regulatory effects, water scarcity, and other space-varying impacts. In column (5) of Table 4a and 4b, I add state dummies, and in column (6), I add indicators for industrial water use regions. 21 The addition of these variables has some small impacts on previous coefficients but does not change the basic findings. Finally, because water scarcity can potentially vary within a state and water use region, I add county average daily precipitation to the specification.
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These results are in column (7) and show that the coefficient on precipitation is statistically zero in both years. This suggests that the aridity of a manufacturing plant's locale does not impact its water circulation rate, at least not above and beyond any effect captured by the controls for state and river basin. Indeed, when controls for state and river basin are excluded, the coefficient on precipitation is negative and statistically significant.
With this fuller set of explanatory variables, in column (7), the positive, monotonic relationship between establishment size and water circulation rates is clearly established. All else being equal, the largest establishments (with 2500 or more employees) use each gallon of water 98% (1973) and 123% (1978) more than their smallest counterparts (with 1-99 employees). Looking specifically at 1973, the circulation rate among these largest establishments is 36% greater than the next category of plants (1000-2499 employees), which is 15% greater than the next category (500-999 employees), which is 3.2% greater than the next category (250-499 employees), which is 12% greater than the next category (100-249 employees), which is 10% greater than the smallest category. Meanwhile, establishments belonging to multi-unit firms are found to use water 13% more times (in both years).
Finally, Table 5 presents more results of regressions explaining the water circulation rate -here, adding establishment-level total factor productivity (TFP) to the specification.
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Because TFP cannot be calculated for all manufacturing establishments, there is some loss of sample when merging this in to the water use data. In particular, 11.3% and 9.0% of the sample is lost in 1973 and 1978, respectively. To see the impact of the sample loss, the regressions in column (7) of Table 4a and 4b are reestimated in columns (1) and (3) of Table 5 , respectively.
To make the regressions from the two years comparable, the variables associated with water intake treatment costs are removed in 1973. The impact of TFP is shown in columns (2) and (4).
Interestingly, more productive manufacturers are found to have higher water recirculation rates in 1973 but no statistically significant difference in 1978. It is not immediately clear why the effect would differ across the two years. Meanwhile, the addition of TFP does not have any large quantitative or qualitative impact on the other coefficients.
Conclusion
Water use in the U.S. manufacturing sector is fairly concentrated in relatively few industries and relatively few establishments. For many, water is extraordinarily important, with hundreds of gallons needed for just one dollar of output. While water recirculation is seen even in 1954, a sharp increase occurred in 1973 and 1978 -the two years under study here. In 1978, each gallon taken in by the manufacturing sector was used 3.4 times.
Regression results suggest that larger establishments recirculate water more. This relationship between establishment size and water circulation is found to be monotonic, and all else being equal, the largest establishments (with 2500 or more employees) used each gallon of water 98% (1973) and 123% (1978) more than their smallest counterparts (with 1-99 employees). Belonging to a multi-unit firm is also found to increase water recirculation, while more productive establishments are found to recirculate more, but only in 1973.
While there appears to be scale effects in water recirculation, results also suggest that water use per unit of output is largest for the largest establishments, in part because larger establishments use water for more purposes. In fact, each of the six water uses were more likely to occur as establishment size increased, with increasing shares devoted to steam electric power generation, air conditioning, and other cooling and condensing. What may be of particular interest is the difference between water use and recirculation-water intake per unit of output across the different establishment size groups. Unfortunately, this is difficult to address with these data, since water use and water intake are unobserved for establishments with less than 20 million gallons of water intake.
Besides increasing with establishment size, water recirculation appears dependent on various costs associated with water. In particular, the water circulation rate is found to be higher when water is purchased from a utility. Relatively low (internal) prices for self-supplied water could suppress the incentive to invest in recirculation. Recirculation is particularly low among establishments in which tidewater and surface water are the primary sources.
Meanwhile, establishments with higher per-gallon water intake treatment costs also recirculate more, as might be expected. The cost associated with water discharge -due to regulation or otherwise -also increases circulation rates. The aridity of a locale is found to have little effect on circulation rates (once state and river basin is controlled for). Padowski and Jawitz (2012) have noted that there can be a disconnect between local conditions and water availability, due to the presence of rivers and manmade water infrastructure.
Future work could explore the findings of this paper further. For example, research could focus on a particular set of water-intensive industries, exploring the heterogeneity of water use and recirculation within those and the roles that particular water purposes play, as well as water sources, establishment characteristics, and locational characteristics. It may also be interesting to examine water use in conjunction with other factors of production, such as capital intensity and energy intensity (particularly fuel usage).
TABLE 1 Percent of Water Intake and Gross Water Use, by Purpose
Water intake
Gross water use Log (gross water use / water intake) Statistical significance at the 10%, 5%, and 1% level are indicated by single, double, and triple asterisks, respectively. Robust standard errors are in parentheses.
TABLE 4B Water Circulation Rate, 1978
Log (gross water use / water intake) ---------------------------------------------------------------------------------------------(1) (2) (3) (4) (5) (6) (7) ---------------------------------------------------------------------------------- Statistical significance at the 10%, 5%, and 1% level are indicated by single, double, and triple asterisks, respectively. Robust standard errors are in parentheses. 1973 1978 --------------------------------------------------(1) (2) (3) (4) ------------------------------------------------ Statistical significance at the 10%, 5%, and 1% level are indicated by single, double, and triple asterisks, respectively. Robust standard errors are in parentheses. 
TABLE 5 Water Circulation Rate, with Productivity

Log (gross water use / water intake) ------------------------------------------------------
